Abstract Ruminant livestock farming is an important agricultural activity, mainly located in less favoured areas. Furthermore, ruminants have been identi fi ed as a signi fi cant source of GHG emissions. In this study, a whole-farm optimisation model is used to assess the socio-economic and environmental performance of the dairy sheep farming activity in Greece. The analysis is undertaken in two sheep farms that represent the extensive and the semi-intensive farming systems. Gross margin and labour are regarded as socio-economic indicators and GHG emissions as environmental indicators. The issue of the marginal abatement cost is also addressed. The results indicate that the semi-intensive system yields a higher gross margin/ewe (179 €) than the extensive system (117 €) and requires less labour. The extensive system causes higher emissions/kg of milk than the semi-intensive system (5.45 and 2.99 kg of CO 2 equivalents, respectively). In both production systems, abatement is achieved primarily via reduction of the fl ock size and switch to cash crops. However, the marginal abatement cost is much higher in the case of the semi-intensive farms, due to their high productivity.
Introduction
Ruminant livestock farming, especially sheep farming, is an important agricultural activity in Greece, since it is mainly located in less favoured areas of the country and utilises less fertile and abundant pastureland. The activity yields income for thousands of farms mainly located in marginal areas, where few alternative economic activities can develop. These farms are dairy farms, since they aim primarily at the production of sheep milk that is responsible for over 60% of their gross revenue and secondarily at the production of meat (Kitsopanides 2006 ) . It is estimated that almost 40% of the total milk produced in Greece is sheep milk. Furthermore, the activity contributes highly in regional development and helps maintain the population in the depressed areas, where it is located. Therefore, the preservation of the activity and the income it yields is important not only for farmers but also for policymakers.
The prevailing sheep farming system in the country is the extensive system, in which the feed requirements of the fl ock are met mainly through grazing. Extensive breeding farms are characterised by low invested capital with low-productivity fl ocks, consisting mainly of native breeds (HMRDF 2007 1 ). More modern and intensive farms that are also present have a higher invested capital and aim to increase their productivity through supplementary feeding, mainly from on-produced cereals and forage. These two main production systems identi fi ed in the Greek sheep farming activity have different characteristics and therefore different economic and environmental performance.
The matter of greenhouse gas (GHG) emissions has recently received extra attention in light of the Kyoto protocol and Europe's commitment to reduce emissions. Agriculture has been identi fi ed as a signi fi cant source of GHGs, and farmers are urged to adopt not only economically viable but also environmentally sound farming practices. GHG emissions are particularly high in the case of ruminant livestock farming because of methane production through enteric fermentation (Pitesky et al. 2009 ) . The issue of GHG emissions in livestock farms has been addressed in a number of studies that focus mainly in dairy cow and cattle farms Weiske et al. 2006 ; Veysset et al. 2010 ) . On the other hand, studies that focus on the emission of GHGs from sheep farms refer mainly to meat and wool production farms that have different technicoeconomic characteristics than dairy sheep farms (e.g. Benoit and Laignel 2008 ; Petersen et al. 2009 ) .
This study aims primarily at the evaluation of the socio-economic and environmental performance of the dairy sheep farming activity in Greece, through the use of a whole-farm optimisation model. In this model, environmental performance is measured through the estimation of the net GHG emissions of the sheep farms. The issue of the GHG abatement cost is also addressed, since mitigation leads to loss of income. The analysis is undertaken in two farms representing the extensive and the semi-intensive farming systems that are commonly found in the country. In the next section, the mathematical model used in the analysis is described in more detail. The characteristics of the extensive and the semi-intensive farms are also presented. The third section contains the results of the analysis, and the fi nal section includes some concluding remarks.
Data and Methods
Mathematical programming models are commonly used in agricultural studies (e.g. Alford et al. 2004 ; Veysset et al. 2005 ; Crosson et al. 2006 ) . They yield the optimal amongst all feasible farm plans, taking into account technical and agronomic constraints of the farms. In the case of livestock and crop-livestock farms, the complexity of the farm operation and the substitution possibilities between alternative activities require the use of a model that can capture all the interrelationships of these activities. The multiple sources of GHGs in crop-livestock farms present another reason for a mathematical programming model to be used (De Cara and Jayet 2000 ) . Thus, a number of studies have utilised mathematical programming models to assess GHGs from various sources and identify cost-effective mitigation strategies (e.g. Smith and Upadhyay 2005 ; Breen and Donnellan 2009 ; Petersen et al. 2009 ) .
Therefore, a whole-farm, mathematical programming model is considered an appropriate tool for the estimation of the socio-economic and environmental performance of livestock farms. The model used in this analysis incorporates all livestock and crop activities of sheep farms. The characteristics of the farm model are described in more detail in the following paragraphs. The data used in the analysis is also presented in this section.
The fi rst step of our methodology is to use this mathematical model to obtain the optimal farm plan of each of the sheep farms. This optimal farm plan is derived through gross margin maximisation that is assumed to be the objective of the farmers and is used to measure the economic performance of the farms. Labour inputs in this optimal farm plan are considered as an indicator of the social performance of the farm, and net GHG emissions are regarded as an environmental performance indicator. The second step of our methodology is to estimate the optimal farm plan across increasing levels of abatement and assess impact on gross margin and labour. Following a number of studies (e.g. De Cara and Jayet 2000 ; Smith and Upadhyay 2005 ) , this is achieved by inserting an additional constraint in the model. Speci fi cally, if e 0 is the original level of net emissions, at the optimal farm plan, and a is the level of abatement ( a < 1), then a new constraint is inserted in the model not allowing the net farm emissions to be more than (1− a ) e 0 . The shadow price of net emissions is also estimated because it indicates the GHG marginal abatement cost for each farm (De Cara and Jayet 2000 ; Smith and Upadhyay 2005 ) .
Model Speci fi cation
The crop-livestock model used in this analysis maximises total gross margin under the technicoeconomic constraints of the sheep farms and yields the optimal farm plan. For this purpose, it utilises detailed farm-level data on all crop and livestock activities of the farms. The decision variables and the constraints of the model are presented in the next paragraphs. The GHG emission sources that have been taken into account in this analysis are also presented in detail in this section as indicators of the environmental performance of the sheep farms.
Crop and Livestock Activities
Crop activities of the sheep farms involve mainly forage and cereal production for livestock feeding. In the model, farmers can produce cereals and forage either for consumption in the farm or for sale, according to what maximises their gross margin. The two farms used in this analysis produce only alfalfa and maize, which are the main crop activities of the sheep farms of the area where the analysis is undertaken.
Two livestock activities are incorporated in the model, according to the time of sale of the lambs. In the fi rst one, lambs are sold after weaning (approximately 42 days after lambing) and the ewes are then milked. The second activity involves the rearing of the lambs for 3 months prior to their sale. In this second alternative, the live weight of the lambs sold is higher, but the price per kilogram is lower. Also, the milk yield is much lower, since lambs are allowed to wean for a longer period of time. The produced fodder is used for the feeding of the livestock. In the model, there is also a set of variables to approximate monthly distribution of the produced feed. Additionally, monthly consumption of purchased maize and alfalfa presents another set of the model variables. Also, the model includes decision variables that re fl ect the use of pastureland and the monthly consumption of grass. The fi nal set of variables incorporated in the model involves the monthly labour inputs (family and hired labour inputs in crop and livestock activities).
Feed Requirements
The main component of the model ensures that the monthly feed requirements of the fl ock are balanced. Minimum intake of dry matter, net energy of lactation, digestible nitrogen and fi brous matter is ensured through monthly constraints. The feed requirements of the fl ock are estimated according to Zervas et al. ( 2000 ) . For the productive ewes, these feed requirements include requirements for maintenance, pregnancy and lactation. For the rams, the requirements refer to their maintenance, while for the replacement animals, the feed requirements are estimated every month taking into account the live-weight gain. The weight gain is also taken into account in the case of the lambs, for which feed requirements are estimated for the period that they remain in the farm minus the feed requirements that are satis fi ed from milk. On-produced feed crops, external feed inputs and available pastureland are used for the balance of the feed requirements of the fl ock. The nutritional value per kilogram of maize, alfalfa and grass is taken from Kalaisakis ( 1965 ) and Zervas et al. ( 2000 ) .
Labour and Land Constraints
A second component of the model ensures that monthly labour requirements of all production activities are balanced mainly with the family labour inputs. Additional hired labour can be used if necessary in both livestock and crop activities. Labour requirements differ between farms according to the speci fi c crop and livestock activities, management practices, type of machinery used and speci fi c land characteristics. Land availability constraints are also incorporated in the model. They refer to the availability of irrigated land, used for alfalfa and maize production; availability of pastureland; and total farmland.
GHG Emissions
An extra component has been added in this model that refers to the GHG emissions. The main GHG emissions, from livestock farms, are methane (CH 4 ) from enteric fermentation and excreta and nitrous oxide (N 2 O) from excreta. In addition, in a crop-livestock farm, nitrous oxide (N 2 O) emissions from fertiliser use should also be accounted for (see, e.g. Schils et al. 2007 ; Petersen et al. 2009 ; Veysset et al. 2010 ) . Carbon dioxide (CO 2 ) emissions from energy consumption pose an additional source of GHGs. In our analysis, all the potential sources of GHGs have been taken into account when total emissions are estimated.
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Methane production from enteric fermentation is the most important source of GHGs in livestock farms, and it is associated with the feeding practices of each farm. Farmers choose to feed their fl ock with on-produced feed and purchased feed taking into account the cost and the nutritional value of each feedstuff and the feed requirements of the fl ock. The ration used in this analysis is not fi xed, but it is optimised (see also Petersen et al. 2009 In our analysis, we have included direct and indirect N 2 O emissions from the use of nitrogen fertilisers. First, the total amount of nitrogen applied in fi elds has been calculated using the amount and the type of fertiliser (De Cara and Jayet 2000 ; Petersen et al. 2009 ) . Then, direct, indirect and leaching emissions from the applied N have been estimated according to the tier 1 methodology and the emission factors proposed by the IPCC ( 2006 ) . Pre-chain emissions have also been estimated and included in the analysis, following the work of Olesen et al. ( 2006 ) . As mentioned above, farmers choose whether to feed their fl ock with on-or off-farm-produced crops. Therefore, emissions from the nitrogen fertilisers used for the off-farm production of feedstuffs have also been estimated and incorporated in the model. Speci fi cally, N 2 O emissions from purchased alfalfa and maize have been estimated using data gathered from 85 and 73 farmers of the area, respectively.
Carbon dioxide from energy use is another source of GHG emissions in crop-livestock farms. The main sources of energy in these farms are fuel (mainly diesel) and electricity (see also Olesen et al. 2006 ) . To estimate the emissions from energy use, fuel or electricity requirements for every operation and type of machinery are estimated and multiplied by emission factors (Petersen et al. 2009 ) . As in the case of N 2 O, CO 2 emissions from energy requirements of purchased feed are also estimated, according to the data gathered from the farmers of the area. Other inputs like fertilisers and pesticides used in both produced and purchased crops have also caused GHG emissions when they were manufactured. These emissions have been taken into account as well, using farm-level data to estimate the amount of inputs used and related literature to estimate the emissions caused by the manufacture of these inputs. Carbon dioxide emissions from the manufacture of fertilisers are taken from Wood and Cowie ( 2004 ) , and emissions from the manufacture of pesticides are taken from Audsley et al. ( 2009 ) .
Sheep farming also has a positive impact as far as GHG emissions are concerned, since crops and pastureland are responsible for carbon sequestration. We have assumed a carbon sequestration of 110 kg of CO 2 equivalents per stremma 3 for crops (0.3 t C/ha) and 60 kg of CO 2 equivalents per stremma for pastureland (0.16 t C/ha) (see also Pretty and Ball 2001 ) . These sequestration estimations are subtracted from the total emitted GHGs estimated above so that net emissions can be assessed.
Data
The analysis is undertaken in two sheep farms that represent the extensive and the semi-intensive farming systems and are located in lowland areas of the prefecture of Etoloakarnania, in Western Greece. More speci fi cally, the semi-intensive farm has a fl ock size of 315 ewes with an annual production of milk about 190 kg/ewe. The live weight of the ewe is 60 kg, and the proli fi cacy index is 1.5 lambs/ewe. The semiintensive farm maintains 70 strm of alfalfa and 30 strm of maize for feeding of the fl ock and utilises 500 strm of pastureland. The milking period is prolonged (from November to July) since there are two lambing periods, in late September and February.
The extensive farm has a fl ock size of 160 ewes and an annual production of milk of about 100 kg/ewe. The live weight of the ewes and the proli fi cacy index are also lower in the extensive farm (50 kg/ewe and 1.3 lambs/ewe, respectively). In the farm, 20 strm of alfalfa and 18 strm of maize are cultivated, but the feeding requirements are mainly met through grazing (800 strm of pastureland). Labour inputs are offered mainly by the farmer, and the milking period is smaller than in the case of the semi-intensive farm (January to May). Detailed data from the two farms is used to derive all technical and economic coef fi cients of the model.
Application and Results
The mathematical programming model is used to simulate the operation of the two farms, and the optimal farm plan is obtained. This optimal farm plan is used to evaluate the performance of the farms, which is discussed in detail in the following paragraphs. 4 The constraint on net emissions is then inserted, and the optimal farm plan is again obtained for various levels of abatement, through parametric optimisation. This way, the best abatement strategy for each farm can be identi fi ed. Finally, the marginal abatement cost for each of the farms is estimated and the marginal abatement cost curve is built. Table 15 .1 contains the optimal farm plan for the semi-intensive farm. The total gross margin and the gross margin per ewe are 56,775 € and 179 €, respectively. According to Kitsopanides ( 2006 ) , semi-intensive farms are considered pro fi table and have an annual net return of 29.4 €/ewe. Although the model used in this analysis maximises gross margin, fi xed cost is known and can be used to evaluate net return, which is 45.2 €/ewe, indicating that the economic performance of the semi-intensive farm is very satisfactory. As far as the employment level is concerned, the farm offers full-time employment to the two owners, since family labour is 3,463 h and extra hired labour is also required (87 h).
Socio-economic Performance
On the other hand, the extensive farm has a lower gross margin per productive ewe (117 €) (Table 15 .2 ). According to Kitsopanides ( 2006 ) , extensive farms have a negative net return (−5.6 €/ewe). In this analysis, the net return of the extensive farm is small but positive (6.4 €/ewe), indicating that the activity is viable. Labour inputs per ewe are higher compared to the semi-intensive farm due to the extra labour required for grazing and to the limited invested capital (e.g. absence of milking machine).
The environmental performance of the two farms is discussed in detail in the next paragraph. Tables 15.1 and 15 .2 , however, contain the optimal farm plan for the farms under the hypothesis of various levels of abatement, or in other words the optimal abatement strategy for the farms. A 10% abatement for the semi-intensive farm leads to a 5% reduction of the gross margin and an 11% reduction of labour (Table 15 .1 ). At a 20% abatement level, the reduction in gross margin and labour is 10% and 22%, respectively, and full-time employment is offered to only one of the owners. The overall reduction of gross margin is 5,729 €, and the average abatement cost is 18 €/ewe, which can be used as an indication of the compensation/ewe the farmer should receive for abating.
In the case of the extensive farm, 10% abatement causes a trivial (less than 1%) reduction of the gross margin (Table 15 .2 ). The reason for this is that the gross margin generated by the sheep farming activity is, in the case of the extensive farm, very small compared to the semi-intensive farm, mainly due to low productivity. Thus, the income loss can easily be replaced by the income generated from cash crop production. The substitution of the sheep farming activity with cash crops is evident in both production systems. The difference is that only in the case of the extensive farming system can this substitution compensate for the income lost from the restriction of the sheep farming activity. Table 15 .2 also indicates that 20% abatement causes only a 5% reduction on the gross margin of the farm. On the other hand, abatement has a signi fi cant impact on the employment level of the extensive farm as well, since sheep farming, which has high labour requirements, is gradually abandoned. Speci fi cally, 10% and 20% abatement cause 10% and 17% reduction in labour, respectively. 
Environmental Performance
The environmental performance of the semi-intensive farm and the extensive farm and speci fi cally their GHG emissions are presented in Tables 15.3 The net emissions (total emissions minus carbon sequestration) are also presented. The main source of GHGs in sheep farms is enteric fermentation, since it is responsible for 71% of the total emitted GHGs of the semi-intensive farm and 78% of the total emitted GHGs of the extensive farm. Similar fi ndings on the contribution of CH 4 emissions in ruminant livestock farms have been reported in previous studies (e.g. Smith and Upadhyay 2005 ; Petersen et al. 2009 ) . Twenty-one per cent of the emissions of the semi-intensive farm refer to N 2 O emissions, and the remaining 8% are CO 2 emissions (Table 15. 3 ). As far as the extensive farm is concerned, N 2 O is responsible for 16% of the total emitted GHGs, and CO 2 accounts for only 6% of the total emitted GHGs (Table 15 .4 ). Emissions from enteric fermentation per kg of milk are higher in the case of the extensive farm because of the higher participation of primarily grass and secondarily alfalfa in livestock feeding.
Net emissions of the semi-intensive farm are about 180 t or 2.99 kg of CO 2 equivalents/ kg of milk. For the extensive farm, net emissions are signi fi cantly higher, reaching 5.45 kg of CO 2 equivalents/kg of milk (net emissions are over 93 t). Tables 15.3 and  15 .4 also contain emissions by source, at various levels of abatement. Abatement is in both production systems accompanied by a switch towards cash crops production and, speci fi cally, alfalfa production. This is because alfalfa requires less fertiliser inputs and therefore causes fewer emissions. Furthermore, alfalfa generates a high gross margin, since it has a high yield. The substitution of the sheep farming activity with crop activities has also been pointed out in the study of Petersen et al. ( 2009 ) on GHG abatement in extensive grazing systems of south-western Australia. As can be observed in Table 15 .3 , abatement in semi-intensive farms is achieved by reducing CH 4 emissions from enteric fermentation and N 2 O emissions from livestock and maize production.
Speci fi cally, in order to achieve a 10% abatement of net emissions in the semiintensive farm, CH 4 emissions are reduced by 9%. This reduction is achieved by the reduction of the number of ewes by 35. The analysis indicates, however, that the semi-intensive farms continue to utilise their pastureland, even though grass consumption causes CH 4 emissions. This is probably because in our analysis, carbon sequestration of pastureland is also taken under consideration. Similarly, a 20% reduction of net emissions leads to an 18% reduction of CH 4 and a 45% reduction in N 2 O emissions from crops. Abatement is again achieved through the reduction of the number of ewes and a switch towards cash crops. It should also be mentioned that as the level of abatement increases, semi-intensive farms rely more on concentrates (maize) for the feeding of the fl ock, since less alfalfa is used in the ration.
In the case of the extensive farm, abatement is again achieved through change in production orientation from sheep to cash crops (Table 15 .4 ). As mentioned above, this substitution minimises the impact of abatement in extensive farms, due to the low gross margin of sheep farming and the high yield of alfalfa. In the case of the extensive farm, CH 4 emissions from enteric fermentation are reduced only by 6% and 13% in order to achieve 10% and 20% abatement, respectively. This reduction of CH 4 emissions is achieved only by reducing the fl ock size and not by increasing the proportion of concentrates used in the ration. Figure 15 .1 presents the abatement cost curve for the semi-intensive farm. As can be seen in this fi gure, the curve indicates an increasing marginal abatement cost. This marginal abatement cost is 156 €/t until 25% abatement is achieved. Then the abatement cost increases to reach 220 €/t and 232 €/t, at 30% and 35% abatement, respectively. These fi ndings denote the signi fi cant impact that abatement has on the gross margin of semi-intensive farms, since the income generated by crop production cannot replace the income lost from the restriction of the sheep farming activity.
Abatement Cost
The abatement cost curve of the extensive farm is presented in Fig. 15 .2 . As in the case of the semi-intensive farm, the marginal abatement cost of the extensive farm is also increasing, with an average of 50 €/t, until a 20% abatement is reached. The shadow price of net emissions is very small at current emission levels (5 €/t) and gradually increases to 10 €/t at 10% abatement, 91 €/t at 20% abatement, 154 €/t at 25% abatement and 218 €/t at 50% abatement.
Breen and Donnellan ( 2009 ) estimated a marginal abatement cost of 110-230 €/t for dairy farms in Ireland, while De Cara and Jayet ( 2000 ) estimated the marginal cost, that varied signi fi cantly amongst farm types, from 30 to 300 €/t. The low abatement cost of the extensive farm, until 25% abatement is achieved, is explained by the substitution of sheep farming with almost equally pro fi table crop activities. These results support the heterogeneity of the marginal abatement cost within the sheep farming activity in Greece. The heterogeneity of the GHG abatement cost has been pointed out in a number of studies (e.g. De Cara and Jayet 2000 ). Assessing the marginal abatement cost is useful to policymakers who wish to develop well-targeted and well-designed abatement policy measures. One potential policy measure is the implementation of a tax per ton of emitted CO 2 equivalents (Neufeldt and Schäfer 2008 ; Petersen et al. 2009 ) . The analysis can assist in the determination of the level of this tax according to the abatement cost of the farms (see also De Cara and Jayet 2000 ) . If a tax smaller than the marginal abatement cost of a farm is implemented, then the farmer will choose to pay the implemented tax instead of abating, and, thus, the policy measure will be ineffective. For example, according to our analysis, a tax of 90 €/t of CO 2 equivalents will have no effect on the emissions of the semi-intensive farms but will succeed to reduce emissions of the extensive farm up to 20%. Furthermore, this tax will also have an impact on the sustainability of the extensive farming system since it can lead to the restriction of the sheep farming activity.
Concluding Remarks
In this study, a mathematical programming model was used to derive the optimal farm plan of sheep farms and estimate their socio-economic and environmental (in terms of GHG emissions) performance. The abatement strategy and the marginal abatement cost of sheep farms are also estimated. The analysis is undertaken in two sheep farms that represent the semi-intensive and the extensive production systems and includes pre-chain emissions as well as all potential emission sources in the farm. The model maximises gross margin that is used as an economic sustainability indicator. Labour inputs are used as a social performance indicator and GHG emissions as an environmental sustainability indicator.
The results of the analysis indicate that both production systems are economically viable, though the semi-intensive farm has a higher gross margin than the extensive one. The main source of GHG emissions in dairy sheep farms is enteric fermentation. Emissions are particularly high in extensive farms, because of the excessive use of grass and alfalfa for feed. Thus, the semi-intensive system is more ef fi cient in socio-economic but also environmental terms. Across various abatement levels, the optimal solution indicates that abatement is achieved in both production systems, via a switch to cash crops. This has a signi fi cant impact only on the gross margin of the semi-intensive farms that are characterised by high productivity. On the other hand, abatement has a signi fi cant impact on employment, since the labour requirements of crop production are signi fi cantly lower than the labour requirements of sheep farming. As far as the marginal abatement cost is concerned, it is increasing across various levels of abatement, and it is signi fi cantly higher in the case of the semi-intensive farm.
The results of the analysis of the two farms are an indication of the heterogeneity of the abatement cost amongst sheep farms with different characteristics. Utilising a farm typology can re fl ect this heterogeneity more accurately and can be used to estimate the total cost of abating for the country. However, the results of the analysis have highlighted some aspects of the sustainability of the sheep farming activity and can be used as a guide for the development of effective mitigation policy measures.
